One sentence summary: The bacterial, archaeal and fungal communities potentially involved in mine wastewater purification in cold-climate treatment peatlands were studied and the functional profiles of those communities were predicted.
INTRODUCTION
Mining operations produce an enormous amount of waste products, including mine tailings and wastewater stemming from the beneficiation process and mine drainage (Kauppila, Räisänen and Myllyoja 2011) . The composition of mine wastewater is primarily dependent on the mined minerals, the beneficiation methods and the properties of the (waste-) rock material (Kauppila, Räisänen and Myllyoja 2011; Nordstrom 2011) .The occurrence and quantities of contaminants vary throughout the year and during the life-cycle of the mine (Kauppila, Räisänen and Myllyoja 2011; Nordstrom 2011) .
Typical contaminants include nitrogen compounds (ammonium (NH 4 + ), nitrate (NO 3 − ), and nitrite (NO 2 − )), sulfate (SO 4 2− ), metals and metalloids (iron (Fe), manganese (Mn) and arsenic (As)), cations and anions (sodium (Na + ), potassium (K + ), chloride (Cl − )) (Kauppila, Räisänen and Myllyoja 2011; Nordstrom 2011) . When released into the environment, mine wastewaters can have detrimental effects in the environment (Fu and Wang 2011) . Thus, mine wastewaters have to be purified prior to their release into downstream water bodies. In Finland, natural peatlands are used as a passive treatment step in the treatment of mine wastewaters (Palmer, Ronkanen and Klöve 2015) . Pretreated mine wastewaters are directed into the peatlands, which retard the flow of water and offer a large filtration network. Peatlands retain certain contaminants very well (e.g. As, Sb), while others are not retained (e.g. cations, SO 4 2− ) (Palmer, Ronkanen and Klöve 2015) . Mine wastewaters affect the environmental conditions in the peatlands in many ways: (i) High concentrations of dissolved salts lead to increased electric conductivity (EC) in treatment peatlands (TPs), (ii) the water table is typically raised above the peat surface by the continuous inflow of water, thus leading to oxygen limitation in the peat body, (iii) redox active contaminants like SO 4 2− , NO 3 − or metals influence the activity of microorganisms and (iv) potentially toxic substances might inhibit the growth of microorganisms and plants in TPs.
Microbes play an important role in the removal of contaminants in TPs. Incoming inorganic nitrogen is mainly removed via nitrification (NH 4 + to NO 2 − or NO 3 − ) and denitrification (sequential reduction of NO 3 − or NO 2 − to gaseous N-compounds) (Vymazal 2011) . Sulfate can be reduced by SO 4 2− reducing bacteria, and the formed sulfide can precipitate metals and metalloids to metal-sulfides (Ledin and Pedersen 1996) . Microbes can interact with metals (Fe, Mn) and metalloids (As, antimony (Sb)) in mine waters by detoxification, oxidation or reduction and complexation of the metal/metalloids by siderophores, thus strongly affecting their mobility and bioavailability (Ledin and Pedersen 1996; Haferburg and Kothe 2007; Oller 2013; van Lis et al. 2013) . Microbial and plant communities are likely to adapt to the mine water environment. Prolonged mine water inflow will change the composition of the microbial community in TPs and select for microbes that are able to cope with the extreme conditions in the peatlands, including concentrations of metals and metalloids that are elevated 1000 fold compared to natural background concentrations and SO 4 2− concentrations in the g/l-range (Palmer, Ronkanen and Klöve 2015) . Additionally, microorganisms in high-latitude peatlands have to cope with long winters lasting for more than 6 months with low temperatures, ice and snow cover as well as ground frost. Thus, microorganisms adapted to the conditions in Northern TPs have to be specialized to tolerate high concentrations of contaminants as well as the harsh winter conditions. Even though many studies on microbial community composition have been conducted in contaminated soils as well as in cold-climate and frost-affected environments (e.g. Kuang et al. 2013; Epelde et al. 2015; Wagner et al. 2017) , studies examining microbial communities in peatland soils that are affected by a combination of high concentrations of multiple contaminants and cold climate are scarce. Many studies have moreover focused on bacterial communities, while archaeal and fungal communities are less frequently assessed. Thus, the microbial communities in TPs in Northern Finland were investigated, as the selected sites feature the afore-mentioned combination. The central hypothesis in the present study was that these unique conditions in Northern TPs will lead to highly diverse microbial communities that share features of microbial communities in polluted environments, in peatland environments as well as in frost-affected environments.
Based on the central hypothesis, the following research questions are formulated: 1) What Bacteria, Archaea and Fungi are present in TPs, what is their metabolic potential, and how might they participate in contaminant removal? 2) What are the key environmental factors affecting the microbial community composition in TPs?
The research questions were addressed by (i) assessing the microbial community composition via next-generation sequencing of bacterial, archaeal and fungal communities in TPs, (ii) investigating possible correlations of environmental factors and community composition and (iii) predicting the functional profiles of the microbial communities in treatment peatlands.
MATERIAL AND METHODS

Sampling sites
The sampling site is located near a gold mine in Finnish Lapland (∼ 68 • N). Based on the data from the years 2000 to 2015, mean annual temperature and mean annual precipitation were −0.4 • C and 530 mm, respectively. The warmest month is usually
July with average daily temperatures of 14 • C, whereas the coldest month is January with average daily temperatures of −13
The site is typically snow-covered from October to May. Peat and porewater samples were taken from two treatment peatlands (TPs) treating process (TP A) and drainage wastewaters (TP B; Fig. 1 ). Process and drainage wastewaters contained a variety of contaminants including SO 4 2− , nitrogen compounds, metals and metalloids (Table S1 , Supporting Information). An adjacent peatland not receiving wastewater was used as a reference point (R). TP A and B are 44 and 17 ha in size, respectively, and receive 2780 and 7150 m 3 d −1 wastewater, respectively (Table S1 , Supporting Information). The vegetation on the peatlands is composed mainly of Carex spp., Eriophorum angustifolium and Menyanthes trifoliata, but also trees and shrubs like Betula and Salix are found at the site. Shrubs are more abundant in TP B than in TP A. Process waters enter TP A in the North via a distribution ditch and flow towards the south end of the peatland (mainly surface flow), where the water is collected in an outlet ditch and directed to the recipient river. Drainage waters enter TP B in the Northeast via a distribution ditch and flow via surface flow towards the Southwest of the peatland from where they are discharged into the river. In winter, the TPs are partly ice-covered due to the large amount of surface water, while the reference site has no ice cover. Ground frost may penetrate > 30 cm into the peat soil. More detailed information on water flow in the peatlands can be found in Palmer, Ronkanen and Klöve 2015.
Peat and porewater sampling
Peat and porewater samples were taken from the surface layer (0-10 cm depth) from eight, four and one points in TP A, TP B and the reference area, respectively, using a peat corer and a porewater pump in June 2013 and August 2014 (Fig. 1) . The water table was at the peat surface at all sampling points at the time of sampling. Total elemental concentrations were determined from peat and unfiltered porewater samples in an accredited laboratory (Labtium Oy, Kuopio, Finland). Additionally, surface water parameters such as EC, pH, oxygen and redox potential were measured at the sampling points. Samples for the analysis of the microbial community composition were taken in triplicate (distance between replicates 1-2 m) from the same sampling points and frozen immediately on dry ice to prevent degradation of DNA. Upon arrival at the laboratory, the samples were stored at −20 • C until further processing.
DNA extraction and amplification of genetic markers
For DNA extraction, 10 g of peat soil were freeze-dried and homogenized by vortexing the soil with glass beads (1 mm) for 10 minutes. 0.1 g dried peat was rewetted with 250 μl nucleasefree water, and DNA was extracted with the PowerLyzer PowerSoil kit (MoBio Laboratories) according to the manufacturer's instructions. The hypervariable region V1-2 of the bacterial 16S rRNA gene, the hypervariable region V5-6 of the archaeal 16S rRNA gene and the fungal internal transcribed spacer 2 (ITS2) region were amplified in a first PCR reaction using the primer pairs 27F /338R (universal primers), M13-ARC787F /ARC1059R (Yu et al. 2005) and IonA-fITS7 (Ihrmark et al. 2012 )/IonP1-barcode-ITS4 (White et al. 1990) , respectively. The IonA and IonP1 sequencing adapters were included in the ITS primers, additionally, ITS4 was tagged with 10-base-long barcode. Initial PCR reactions were set up using 0.5 to 5 ng of extracted DNA as template. The composition of the PCR reactions and the thermal cycling programs used are given in Table S2 
Sequence analysis
Bacterial and archaeal sequences with incorrect primer (>1 mismatch) or barcode (>1 mismatch) sequence and an average quality score below 20 were discarded, as were sequences shorter than 200 bp. PCR errors and chimeric sequences were removed in Qiime release 1.7.0 utilizing the SeqNoise and Perseus algorithms, respectively (Caporaso et al. 2010; Quince 2011) . The remaining sequences were clustered into operational taxonomic units (OTUs) at 97% sequence similarity in Qiime using UClust (Edgar 2010) . Fungal ITS2 sequences with incorrect primer (max two mismatches) or barcode (max one mismatch) and an average quality score below 20 were discarded. Only full-length sequences in which both primers were found were used in further analysis, incomplete sequences and sequences shorter than 150 bp were discarded. Chimeric sequences were removed and filtered sequences were clustered with USearch and UClust (Edgar 2010) . The representative sequences from each OTU were queried against the UNITE fungal database using Qiime with Species Hypothesis clustered at dynamic threshold level (Koljalg et al. 2013) .
OTU tables were rarefied in Qiime to allow for comparison of diversity at the different sampling points. Bacterial, archaeal and fungal OTU tables were rarefied at sequence depths of 8500, 500 and 3000, respectively. Alpha diversity measures (observed and estimated OTUs (Chao1), Shannon diversity index H', Pielou's Evenness) were calculated based on rarefied OTU tables. OTUs that differed in abundance between the treatment peatlands and/or the reference area were identified with Qiime using the differential abundance.py script and the DESeq2 algorithm (Love, Huber and Anders 2014) . Non-metric multidimensional scaling plots using Bray-Curtis distance matrices were created in R (metaMDS in vegan package; Oksanen et al. 2017) to compare the community composition at different sampling points. Environmental variables (e.g. pH, EC, C/N ratio, As content of soil) were fitted to the NMDS plots using the 'envfit'-function in R. Correlations of environmental parameters and the relative abundance of taxa were calculated and visualized in SigmaPlot 13. Functional profiles of the bacterial and archaeal communities were predicted using the PICRUSt algorithm (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States; Langille et al. 2013) . Rarefied OTU tables were used for PICRUSt analysis. KEGG (Kyoto Encyclopedia of Genes and Genomes) orthologs (KOs) were predicted from the inferred metagenomes and predicted functions were collapsed into KEGG pathways. Single functions of interest were chosen to highlight the influence of mine wastewaters on microbial metabolism in the TPs, and OTU heatmaps were created for these selected functions. The contribution of bacterial and archaeal phyla to the selected functions was calculated using the metagenome contributions.py script of PICRUSt.
RESULTS AND DISCUSSION
Contaminant concentration along mine water gradients
The inflowing mine water strongly influenced porewater and peat near the wastewater inlets of TP A and TP B (Fig. 2) . EC in TPs was clearly higher than in the reference point and stable throughout the TPs (Fig. 2) . The pH was near-neutral in both TPs (6.3-7.7) and slightly acidic in the reference area (5.3). Concentrations of As, Sb and Ni in peat were higher near the inlet of both TPs than in the reference area and decreased rapidly with increasing distance from the process water inlet in TP A, indicating that these contaminants are retained quite close to the inlet (Fig. 2) . This has been shown also in earlier studies (Palmer, Ronkanen and Klöve 2015) . In TP B, the decrease in concentration was less pronounced, but still visible (Fig. 2) . Cations (i.e. Mg+Ca+Na+K), SO 4 2− , and Fe had likewise higher concentrations in the TPs than in the reference area (Fig. 2) . However, the concentrations were nearly constant throughout TP A, indicating that these contaminants are not efficiently removed from the water. In TP B, concentrations of cations and SO 4 2−
were likewise similar at all sampling points, while Fe concentrations decreased slightly towards the outlet, indicating a partial removal of Fe in TP B (Fig. 2) . NO 3 − concentrations in porewater were high near the inlets of TP A and TP B (Fig. 2) . In TP A, NO 3 − concentrations decreased rapidly with increasing distance from the inlet, indicating efficient removal of NO 3 − from the water, while NO 3 − concentrations remained high throughout TP B.
Microbial community composition in the TPs
Bacteria On average, 13 676 (8736 to 18 666) quality-filtered sequences were obtained from bacterial 16S rRNA gene amplicons. Sequences were clustered into a total of 18 792 OTUs at 97% sequence similarity (i.e. species-level). Libraries were subsampled (i.e. rarefied) at a depth of 8500 sequences to allow for better comparison of samples. After subsampling, the average library coverage was 88% (84-92%), and 1363 to 2452 OTUs were detected at each sampling point (Table 1) . Species-level OTUs affiliated with 593 and 415 bacterial genera and families, respectively. The estimated number of OTUs based on the Chao1 estimator ranged from 2256 to 4442, the Shannon diversity index H' ranged from 7.91 to 9.99 and Pielou's Evenness ranged from 0.74 to 0.89 (Table  1) , indicating a rather even distribution of species in both TPs. H' was higher in TP B than in TP A (P = 0.4), while there was no significant difference in Evenness between the two TPs (P = 0.1). Bacterial diversity in mining affected sites is often rather low, and few genera dominate the microbial community, especially in sites with low pH (Kuang et al. 2013 ). In sites with higher, nearneutral pH observed diversity is higher and species are more evenly distributed (Berg et al. 2012; Epelde et al. 2015; Mesa et al. 2017) . Moreover, Pielou's Evenness has been reported to increase with increasing contaminant concentrations (Epelde et al. 2015) , indicating that high contaminant concentrations lead to more balanced bacterial communities, which was also observed in the present study. The 16S rRNA gene based bacterial community composition clearly differed (P < 0.001) between the two TPs, and samples from TP A and TP B formed distinct clusters in the NMDS plot (Fig. 3A) . Samples from the reference area clustered separately (closest to sample A1 from TP A). Many environmental parameters correlated with the bacterial community composition (Tables S3 and S4 , Supporting Information), including total Sb-concentration (soil), EC, C/N ratio, SO 4 2− concentrations and pH. As parameters are often intercorrelated (e.g. As and Ni r = 0.7, SO 4 2− and EC r = 0.8), only a subset of vectors was plotted (Fig. 3A) . A total of 1721, 316, and 246 species-level OTUs, genera and families, respectively, were detected in all three peatlands. In contrast to this 3227, 253 and 156 species-level OTUs, genera and families, respectively, were detected only in one or both of the treatment peatlands, and 65, 4 and 3, respectively, were detected only in the reference point (Fig. S1 , Supporting Information). However, the species-level OTUs, genera and families found exclusively in one peatland type in this study usually had a lower abundance. Even though TP-specific OTUs were not abundant, they might still be important for functioning of the TPs. The relative abundance of individual specieslevel OTUs was rather small. Only four OTUs had relative abundances greater than 1%. The four most abundant OTUs were affiliated with the genus Rhodoplanes (Alphaproteobacteria; 4.5% of all sequences), with the genus Thiobacillus (Betaproteobacteria;
1.3% of all sequences) and with the KD4-96 group of the Chloroflexi (1.2 and 1.2% of all sequences). The Thiobacillus-affiliated OTU was more abundant in TP A (receiving process waters; 0.30 to 7.6%) than in TP B (receiving drainage waters; 0.004 to 0.26%) or the reference point (not detected) (P < 0.001), and it accounted for 7.6% of all sequences at sampling point TP A7. A large number of genes associated with metal and As resistance are found in Thiobacillus strains (Beller et al. 2006; Hutt et al. 2017) . Thiobacillus strains have been detected in environments with high As and Sb concentrations (Li et al. 2015; Xiao et al. 2016; Xiao et al. 2017) , and some strains of Thiobacillus are capable of arsenite and antimonite oxidation (Garcia-Dominguez et al. 2008; Li et al. 2016) , and might thus be involved in arsenite and antimonite oxidation in the studied TPs. Moreover, many Thiobacillus species (e.g. T. thioparus, T. thiophilus) are known to oxidize reduced sulfur compounds such as thiosulfate and thiocyanate, and some are capable of denitrification with thiosulfate or thiocyanate as the electron donor even at low temperatures (Vlasceanu, Popa and Kinkle 1997; Kellermann and Griebler 2009; Broman et al. 2017; Di Capua et al. 2017) . Reduced sulfur compounds are likely produced from the highly abundant SO 4 2− in anoxic layers in TP A, and may diffuse to surface layers, while NO 3 − is abundant in surface and deeper layers in TP A (Maljanen et al. 2018) . Thus, Thiobacillus are likely involved in the turnover of reduced sulfur compounds and might partake in denitrification and thus nitrogen removal in TPs. The Rhodoplanes-affiliated OTU was especially abundant at sampling point TP A1 (13-25% of all sequences in the three replicates), but was less abundant at all other sampling points (0.04-6.3% of all sequences; Fig. S2 , Supporting Information). Rhodoplanes are facultative phototrophic Alphaproteobacteria capable of denitrification (Hiraishi and Imhoff 2015) , and are found abundantly in microbial communities responsible for nitrogen removal from wastewater (Sun et al. 2017) .
Rhodoplanes have been detected in environments with high As concentrations as well as in frost-affected environments (Lakshmi, Sasikala and Ramana 2009; Wang et al. 2016) . Rhodoplanes can thus cope with high metal concentrations and cold temperatures, and might be involved in nitrogen removal from TPs. Indeed, nitrogen is removed from mine wastewaters in TPs A and B with average removal rates of 63% and 22%, respectively (Palmer, Ronkanen and Klöve 2015) . The Chloroflexi-KD4-96-affiliated OTUs had significantly higher relative abundances in TP B than in TP A (p ≤ 0.05).Chloroflexi KD4-96 are frequently detected in contaminated soils (Golebiewski et al. 2014; Wegner and Liesack 2017) , where their abundance correlates, for example, with iron and aluminum concentrations (Wegner and Liesack 2017) . Chloroflexi KD4-96 related sequences have also been detected in cold-affected alpine tundra soils (Costello and Schmidt 2006) . However, their potential function in those ecosystems is still unclear. On phylum level, the detected bacterial communities were dominated by Proteobacteria, which on average accounted for 44% of all sequences (26-56%; Fig. 4A Koyama et al. 2014; Kim et al. 2015; Pudasaini et al. 2017; Wagner et al. 2017) , indicating that those phyla harbor many cold-adapted microorganisms. Proteobacterial and actinobacterial species like Pseudomonas and Rhodococcus, which were detected also in the TPs, are known to possess antifreeze proteins that enable their survival in frozen soil (Cid et al. 2016) . The study area is affected by long and cold winters and ground frost in the upper peat layer. Thus, microorganisms occurring at the site need to be cold-adapted to persist through the winter.
Archaea
On average, 5227 (12 to 34 621) quality-filtered sequences were obtained from archaeal 16S rRNA gene amplicons. Some libraries had very low sequence counts and were omitted from further analysis (Table 1) . Sequences were clustered into a total of 1904 OTUs The libraries were rarefied at a depth of 500 sequences to allow for comparison between the samples. The average coverage in rarefied libraries was 92% (89-94%), and 58 to 93 OTUs were detected at each sampling point (Table 1) . Specieslevel OTUs were affiliated with 13 archaeal genera and 9 archaeal families. 90 to 184 OTUs were estimated by the Chao1 estimator, the Shannon diversity H' ranged from 3.36 to 4.60, while Pielou's Evenness ranged from 0.56 to 0.72 (Table 1) . There was no significant difference in H' or Evenness between the two TPs (P > 0.5). Detected archaeal diversity was lower than detected bacterial diversity, which was likely in part attributed to the lower number of sequences obtained for Archaea than for Bacteria. The composition of the archaeal community was rather similar at all sampling points, and only slight changes were detectable. The NMDS plot based on archaeal 16S rRNA gene abundances did not show a distinct clustering of the samples, indicating that the archaeal community composition is less affected by the mine water gradient than the bacterial community (Fig. 3B) . The number of environmental parameters that was correlated with the archaeal community composition was lower than for bacteria (Table S4 , Supporting Information; Fig. 3C ). A total of 62, 9, and 8 species-level OTUs, genera and families, respectively, were detected in all peatlands, while 350, 4 and 1 species-level OTUs, genera and families, respectively, were detected only in one or both of the treatment peatlands (Fig. S1 , Supporting Information). Similar as observed for the bacterial OTUs, the species-level OTUs, genera and families found exclusively in one peatland type usually had a low abundance.
Archaeal communities consisted mainly of Euryarchaeota (64% relative abundance) and Bathyarchaeota (formerly known as Miscellaneous Crenarchaeotal Group (Meng et al. 2014 ); 31% relative abundance) (Fig. 4B) . Euryarchaeota are also dominant in other freshwater wetlands (Narrowe et al. 2017) . Within the Euryarchaeota, Methanomicrobia related to Rice Cluster II (33.5%), Methanosaetaceae (12.4%) and Methanoregulaceae (6.7 were most abundant. Methanoregulaceae had relative abundances greater 10% in samples from A5, A6 and A7 (Fig. 4B) . Further euryarchaeal families detected included the Methanosarcinaceae (3.7%), Methanobacteriaceae (3.3%), Methanomassiliicoccaceae (1.4%) and Methanocellaceae (1.1%). Detected euryarchaeotal taxa were hydrogenotrophic methanogens (Methanomicrobiales, Methanocellaceae, Methanobacteraceae), acetoclastic methanogens (Methanosaeta, Methanosarcina) or methylotrophic methanogens (Methanosarcina, Methanomethylovorans; Ferry 2010) . Methane emissions from the reference area are quite high, while methane emissions from TPs are much smaller (Maljanen et al. 2018) . Microorganisms using alternative electron acceptors like SO 4 2− , NO 3 − or metals, which are abundant in the TPs, likely outcompete methanogens for electrons in the TPs, thus limiting methanogenesis. Moreover, sulfide produced during SO 4 2− reduction can inhibit methanogenesis (Colleran, Finnegan and Lens 1995) . Methanosarcinaceae (50%), Methanobacteriaceae and Methanosaetaceae were the most abundant methanogenic families in arctic Alaskan soils (Wagner et al. 2017) . To the authors' knowledge, archaeal communities have so far not been studied in detail in peatlands receiving high amounts of multiple contaminants. The single most abundant OTU accounted for 33.5% of all archaeal 16S rRNA gene sequences. It affiliated with Rice Cluster II of the Methanomicrobia. Candidatus 'Methanoflorens stordalenmirensis', a hydrogenotrophic methanogen belonging to the uncultured Rice Cluster II, has been first described in thawing permafrost soil (Mondav 2014) , but closely related sequences have also been found in many wetland soils including soils affected by seasonal frost or permafrost (Mondav 2014; McCalley et al. 2014) . Two OTUs affiliated with the Bathyarchaeota accounted for 8.6% and 7.3% of all archaeal 16S rRNA gene sequences. Bathyarchaeota ranged from 14% to 43% in relative abundance (Fig. 4B ). OTUs affiliated with the bathyarchaeotal groups MCG A, MCG C and MCG E (22.4%, 0.5% and 8.6%, respectively). Bathyarchaeota were first discovered in marine systems. However, they are also prevalent in freshwater ecosystems and are often found in wetland and peat soils (Hawkins, Johnson and Brauer 2014; Fillol et al. 2016; Narrowe et al. 2017) , in environments with high SO 4 2− and salt concentrations (Webster et al. 2015) , as well as in contaminated soils and sediments (Mikkonen et al. 2014; Obi et al. 2016) . Bathyarchaeota are likely involved in the degradation of proteins, complex carbohydrates and aromatic compounds (Llyod 2013; Meng et al. 2014; Lazar et al. 2016) . Bathyarchaeota are capable of complex fermentations and can also metabolize methane and dissimilatively reduce NO 3 − to NH 4 + (Evans et al. 2015; Lazar et al. 2016 ) and might thus be involved in nitrogen and methane cycling in the studied TPs.
Fungi
On average, 6239 (11 to 11 619) quality-filtered sequences were obtained from fungal ITS gene amplicons. One library had very low sequence counts and was thus omitted from further analysis. Sequences were clustered into a total of 4194 OTUs with an average of 239 OTUs per library at 97% sequence similarity.
Libraries were rarefied at a depth of 3000 sequences to allow for comparison between the samples. The average coverage in subsampled libraries ranged from 97-99% (Table 1) . Observed OTU numbers ranged from 123 to 221. The Chao1 estimator predicted 141 to 295 OTUs (Table 1) . Detected species-level OTUs were assigned to 315 fungal genera and 182 fungal families (Fig. S1 , Supporting Information). The Shannon diversity index H' ranged from 4.77 to 5.91, while Pielou's Evenness ranged from 0.63 to 0.80 (Table 1) . H' and Evenness were significantly higher in TP B than in TP A (P < 0.01). In the NMDS plot based on fungal OTU abundances, samples from the reference area were separated from the samples of the two TPs (Fig. 3C) . Most of the samples from TP A clustered closely together, while some clustered with the samples from TP B (3 replicates from A2 and 1 replicate from A3). Many environmental parameters were correlated with the fungal community composition (Table S4 ), but as for bacterial and archaeal NMDS only a subset of vectors was plotted (Fig. 3C) . A total of 212, 111, and 93 species-level OTUs, genera and families, respectively, were detected in all peatlands, while 1082, 175, and 81 specieslevel OTUs, genera and families, respectively, were detected only in one or both of the treatment peatlands, and 64, 5, and 1, respectively, were detected only in the reference area (Fig. S1 , Supporting Information). However, the species-level OTUs, genera and families found exclusively in one peatland type usually had a lower abundance.
Fungal communities were dominated by Ascomycota (Fig. 4C ). In the reference area, Leotiomycetes (30%), Dothideomycetes (12%) and Pezizomycetes (18%) were the most abundant taxa detected. In TP A, the relative abundance of Pezizomycetes was much lower (0.9-3.7%), while Sordariomycetes was more abundant in TP A than in the reference area (1.9-22%). Eurotiomycetes were mainly detected in sampling points A 2-5 in TP A and sampling point B 3 in TP B (2.3-5.6%). Of the detected fungal OTUs, 5.8-26% belonged to the Basidiomycota. Agaricomycetes and Tremellomycetes were the most abundant Basidiomycota detected. The relative abundance of Tremellomycetes was rather low in the reference area (0.5%), and ranged from 1.5 to 6.0% and 1.2 to 11% in TP A and B, respectively. Rozellomycota and Chytridiomycota had relative abundances of 1.1% and 1.0%, respectively, while Zygomycota and Glomeromycota were very low in abundance (<0.4%).
A total of 15 individual OTUs had relative abundances greater than 1%. The five most abundant OTUs were affiliated with Mycosphaerella tassiana (Dothideomycetes; 6.75% of all sequences), Pseudeurotium hygrophilum (Ascomycota incertae sedis; 6.6% of all sequences), Pezizales sp. (Pezizomycetes; 2.8% of all sequences), unidentified Ascomycota (2.9% of all sequences) and Saccharicola sp. (Dothideomycetes; 2.2% of all sequences). The Mycosphaerella tassiana-affiliated OTU was more abundant in TP A (10%) than in TP B (1.5%) or the reference area (0.5%) (P < 0.001 and P = 0.001, respectively). Mycosphaerellaceae were isolated from regenerated peatlands, and regenerated peatlands are dominated by Ascomycota (∼50%) (Artz et al. 2007) . Mycosphaerella tassiana (also Davidiella tassiana or Cladosporium herbarum) is commonly encountered in the phyllosphere as an endophyte or pathogen and has been detected on leaves in mercury-contaminated sites (Durand 2017) . Thus, Mycosphaerella tassiana is likely well adapted to the high contaminant loads encountered in the TPs and might benefit from the stress that those high loads cause for plants in the TPs. The Saccharicola-affiliated OTU was likewise more abundant in TP A (3.3%) than in TP B (0.5%) or the reference area (0.2%) (P = 0.002 and P = 0.02; respectively). Saccharicola are endophytes of e.g. Phragmites, they tolerate and efficiently remove high concentrations of metals (Sim and Ting 2017) and are thus well adapted to conditions of high contaminant load. On the other hand, the Pezizales-affiliated OTU was more abundant in the reference area (15%) than in TP A (1.0%) or TP B (3.3%) (P < 0.001 and P = 0.06, respectively). The Pseudeurotium hygrophilum and the unidentified Ascomycota-affiliated OTUs did not differ significantly in abundance between the two TPs and/or the reference area (P > 0.35). Pseudeurotium related sequences are detected in northern boreal fen (Jaatinen 2008) , and the anamorph Teberdinia hygrophila has been isolated from fen soil (Sogonov 2005) , indicating that Pseudeurotium sp. are common peatland fungi. Pseudeurotium species can utilize volatile organic compounds (Prenafeta-Boldu et al. 2001 ) and might thus be involved in their degradation in the TPs and the reference area. OTUs affiliated with the genus Phialocephala had a collective relative abundance of 3.3%. Phialocephala has been commonly isolated from natural boreal wetlands but also from metal-polluted soils, where it promotes plant growth (Wilson et al. 2004; Berthelot et al. 2016; Yamaji et al. 2016) . The isolated Phialocephala tolerates high concentrations of As, Mn, Cd and Zn (Berthelot et al. 2016) . Phialocephala is found in fen-type but not in bog-type peatlands in Canada (Thormann and Rice 2007) .
The fungal community in TP soils differed considerably from the fungal community in As-contaminated gold mine soils in Italy, in which the fungal community was less diverse and dominated by few genera (Crognale et al. 2017) . The prominent genera detected in Italian mine site soil were not detected or detected only in low abundance in TP peat soil, indicating that the peatland itself might select for certain fungi, independent of As-concentrations. In arctic tundra soil, Agaricomycetes, Leotiomycetes and Dithideomycetes are the most abundant groups (Koyama et al. 2014) . The fungal community was more diverse than the fungal community in Sphagnum peat mesocosms, which was largely dominated by Leotiomycetes (80%) (Lamit et al. 2017) . Fungal communities were different from those observed at a mine spill site in the Czech Republic, in which the fungal communities were dominated by ectomycorrhizal fungi of the Pezizales and Thelephorales (Kolarikova et al. 2017) . Thus, the fungal community in TPs is likely a mixture of fungi adapted to peatland ecosystems, adapted to cold climate and adapted to high contaminant concentrations.
Prediction of functional profiles of the bacterial, archaeal and fungal communities
Bacteria Functional profiles of the bacterial communities were predicted based on 16S rRNA gene sequences using PICRUSt. Only 27% of all OTUs and 47% (30-69%) of all sequences could be used to predict functional profiles. The average Nearest Sequenced Taxon Index (NSTI) for the bacterial communities was 0.16 (0.12-0.25). NSTI is a measure for the phylogenetic distance of the analyzed microbial communities to the reference sequences. Smaller NSTI indicating higher relatedness, and thus will likely give more accurate predictions (Langille et al. 2013) . NSTI from TPs and the reference area were in the same range as calculated for other soil ecosystems, for which PICRUSt has yielded good predictions (Langille et al. 2013) . However, the obtained results should be treated with caution. Functional profiles were rather similar at all sampling points (Fig. S4A , , Supporting Information), indicating that those basic functions are needed to sustain bacterial communities in TPs independent of mine water contamination. About 50% of all predicted functions were related to metabolism, amino acid metabolism and metabolism of cofactors and vitamins being the most prominent functions (13% and 10%, respectively). Other predicted functions were related to genetic information processing (18%), environmental information processing (15%) and cellular processes (9.0%; Fig. S4A , Supporting Information). The predicted functional profiles differ slightly from the profiles predicted for soil cores amended with As and Sb, which have lower relative abundances of amino acid metabolism and metabolism of cofactors and vitamins and higher relative abundances of energy metabolism and carbohydrate metabolism (Xiao et al. 2017) . Selected functions important in the sulfur, nitrogen and methane cycle as well as related to metal resistance were inspected in more detail (Fig. 5A ). In the sulfur cycle, predicted functions related to SO 4 2− assimilation were generally more abundant than those related to SO 4 2− dissimilation (Fig. 5A) . The dissimilatory sulfite reductase (DsrA), a key enzyme in SO 4 2− reduction, was predicted with slightly higher abundances in TP A than in TP B or the reference area. Sulfate concentrations in TP A were high due to high SO 4 2− concentrations in the process water, and constant high SO 4 2− concentrations thus favor SO 4 2− reduction in TP A. Betaproteobacteria (41%), Deltaproteobacteria (31%) and Gemmatimonadetes (15%) were the dominant contributors to DsrA (Fig. S5 , Supporting Information). Some predicted functions (e.g. SO 4 2− transport system or PAPS reductase) were more abundant at sampling points A2-A5, i.e. point under pronounced mine water influence. Proteobacteria, Actinobacteria, Chloroflexi and Acidobacteria were the Figure B , sampling points A3 and A4 were omitted due to insufficient numbers of sequences in all replicates.
major contributors to those functions (Fig. S5 , Supporting Information). A similar pattern was also observed for some functions in the nitrogen cycle: Nitrate/nitrite transporters, NO 3 − reductase NarG and NO 2 − reductase NirB (involved in dissimilatory NO 3 − reduction to NH 4 + ) were likewise more abundant at sampling points A2-A5 (Fig. 5A) . Alphaproteobacteria (12%), Betaproteobacteria (49%), Deltaproteobacteria (10%) and Actinobacteria (22%) were the dominant contributors to NarG, while Alphaproteobacteria (35%), Betaproteobacteria (29%) and Actinobacteria (28%) were the dominant contributors to NirB. Other nitrogen cycle-related functions (e.g. Nitric oxide reductase, Nitrous oxide reductase) had similar relative abundances at all sampling points. Nitrification-related functions generally showed a rather low abundance. The methane monooxygenase MmoX had a similar relative abundance at all sampling points (Fig. 5A ).
Of the metal resistance related functions, the detoxifying arsenate reductase (ArsC1) was more abundant in TP A (0.05%) than in TP B (0.03%) or the reference area (0.03%; P = 0.006). Alpha-and Betaproteobacteria were the dominant contributors to ArsC1 (59% and 20%, respectively). The arsenite oxidase (AioA) was likewise more abundant in TP A than in TP B or the reference area (P = 0.009), but the relative abundance was much lower than for the detoxifying arsenate reductase (0.0002%). On the other hand, the detoxifying arsenate reductase ArsC2 had a similar relative abundance at all sampling points, and Alphaproteobacteria (23%), Betaproteobacteria (14%), Deltaproteobacteria (14%), Acidobacteria (10%) and Chloroflexi (12%) were the dominant contributors. The total As concentration in peat was correlated with the abundance of ArsC1 and AioA (r = 0.41, P = 0.04 and r = 0.33, P = 0.09), but not with the abundance of ArsC2 (r = 0.12, P = 0.7). Functions involved in As metabolism have also been predicted in other systems contaminated with As and Sb and their abundance correlated with As as well as with Sb concentrations (Xiao et al. 2017) . However, the total Sb concentration in peat from TPs and the reference site was not correlated to ArsC1, ArsC2 or AioA, (r = 0.15-0.28, P > 0.26). Moreover, metal resistance genes have been detected in metal-polluted forest soils including genes for As, Ni and copper resistance (Azarbad et al. 2015) . Metal pollution is a selecting factor for metal-resistance genes, as metalresistance genes between contaminated and uncontaminated soils have been shown differ (Azarbad et al. 2015) .
Archaea
10% of all OTUs and 74% (40-90%) of all sequences could be used to predict functional profiles based on the archaeal 16S rRNA gene sequences with PICRUSt. The average NSTI for the archaeal community was 0.26 (0.21-0.29), indicating that the archaeal communities are more distantly related to organisms with sequenced genomes than the bacterial communities, and the accuracy of the PICRUSt functional predictions is thus lower. The predicted functional profiles differed from those of the bacterial community (Fig. S4B , Supporting Information). For the archaeal community, functional profiles were likewise dominated by metabolism related functions; however, functions related to carbohydrate metabolism and energy metabolism were more prominent than for the bacterial community (12% and 9% of all predicted functions, respectively). For archaeal communities, the relative abundance of functions related to cellular processes was rather low (3.9%), while there was a rather high relative abundance of poorly characterized functions (7.6%). Individual functions did not differ significantly between the sites. Many sulfur and nitrogen cycle related functions were not predicted in the archaeal functional profiles or had a very low abundance (Fig. 5B ). In the methane cycle, methyl-coenzyme M reductase McrA and tetrahydromethanopterin S-methyltransferase MrtA were predicted at all sampling points (Fig. 5B) . The dominant contributors to McrA and MrtA were Rice Cluster II affiliated Archaea (∼66%), Methanosaetaceae (∼8%) and Methanoregulaceae (∼11%) (Fig. S6, Supporting Information) . The detoxifying arsenate reductase ArsC1 was not predicted for the archaeal community, while ArsC2 was predicted in all sampling points. The relative abundance of ArsC2 in the archaeal community functional profile was not correlated with As or Sb concentrations in the peat. OTUs affiliated with the Rice Cluster II (69%) as well as Methanosaetaceae (8.4%) and Methanoregulaceae (15%) contributed the most to the predicted ArsC2 (Fig. S6 , Supporting Information).
Fungi
Trophic modes of detected fungi were predicted using FUNGuild (Nguyen et al. 2016) as PICRUSt cannot yet be used to predict fungal metagenomes based on ITS sequences. Most detected fungal OTUs could not be assigned to a trophic guild ( 50%, 41-75%; Fig. S4C , Supporting Information). Assignments around 50% are commonly encountered when using the FUNGuild tool (Zhang et al. 2017; Chen et al. 2018) , as it is still rather new and thus does not cover the fungal species sufficiently. The highest relative abundance of unknown functions was found in the reference area. Plant pathogens had a relative abundance of 2.1-24% and were more abundant in TP A (17%) than in TP B (6.1%) or the reference area (2.3%). Plant pathogens were positively correlated with SO 4 2− and cation concentrations (r = 0.71 and r = 0.62, respectively) and negatively correlated with Sb and NO 3 − concentrations (r = −0.55 and r = −0.51). This indicates that the high loads of SO 4 2− and cations to TP A might have a negative effect on plant health and thus enable the growth of plant-pathogenic fungi. The concentrations of metals and metalloids however, did not correlate with the relative abundance of plant-pathogenic fungi (|r| < 0.4). Similarly, the relative abundance of plant-pathogenic fungi is low in mercury-contaminated soils (Durand 2017) . Saprotrophs had similar relative abundances in both TPs (∼20%). Saprotrophs are an important functional group in soils and are, for example, the most abundant functional group in Chinese peatland and grassland soils as well as in soils from a mercury-contaminated site (Chen et al. 2018; Durand 2017; Zhang et al. 2017) . The relative abundance of saprotrophs was negatively correlated with As and Fe concentrations (r = −0.52 and r = −0.42, respectively). Ectomycorrhizal fungi were more abundant in TP B (6.2%) than in TP A (1.7%) or the reference area (2.3%). Ectomycorrhizal fungi are associated with the roots of woody plants such as Salix and Betula, and the higher abundance of those plants in TP B was the likely the cause for the observed higher abundance of ectomycorrhizal fungi. The relative abundance of ectomycorrhizal fungi was positively correlated with Sb and NO 3 − concentrations (r = 0.60 and r = 0.44) and negatively correlated with SO 4 2− concentrations (r = −0.57).
CONCLUSIONS
The microbial communities in Northern TPs affected by high concentrations of multiple contaminants was investigated in detail in this study. Two research questions were addressed: The first research question concerned the Bacteria, Archaea and Fungi present in TPs, their metabolic potential and their potential participation in contaminant removal. The bacterial, archaeal and fungal communities in TPs receiving mining-affected waters were highly diverse. The found taxa are common to contaminated environments as well as to frost-affected habitats, indicating that the microbial community in TPs is well adapted to high contaminant concentrations as well as cold climate. Predicted functional profiles of the microbial community demonstrate the metabolic potential of peat microorganisms to cope with the mine water contaminants and thus to participate in the purification of mining-affected waters. The second research question concerned the key environmental factors affecting microbial community composition in TPs. Contaminant concentrations (e.g. SO 4 2− , cations, As) correlated negatively or positively with the abundance of certain taxa, indicating a pronounced influence of the environmental conditions on the microbial community composition. As concentrations were correlated with the relative abundance of predicted functions important in As tolerance, and higher relative abundances of SO 4 2− reductase were predicted for TP A, in which SO 4 2− concentrations are likewise higher. Even though the functional predictions have to be treated with caution, they are nonetheless a good indication for the metabolic potential of peat microbial communities. The microbial communities in TPs
